Resources structure ecological communities and potentially link biodiversity to energy flow. It is commonly believed that functional traits (generalists versus specialists) involved in the exploitation of resources depend on resource availability and environmental fluctuations. The longitudinal nature of stream ecosystems provides changing resources to stream biota with yet unknown effects on microbial functional traits and community structure. We investigated the impact of autochthonous (algal extract) and allochthonous (spruce extract) resources, as they change along alpine streams from above to below the treeline, on microbial diversity, community composition and functions of benthic biofilms. Combining bromodeoxyuridine labelling and 454 pyrosequencing, we showed that diversity was lower upstream than downstream of the treeline and that community composition changed along the altitudinal gradient. We also found that, especially for allochthonous resources, specialisation by biofilm bacteria increased along that same gradient. Our results suggest that in streams below the treeline biofilm diversity, specialisation and functioning are associated with increasing niche differentiation as potentially modulated by divers allochthonous and autochthonous constituents contributing to resources. These findings expand our current understanding on biofilm structure and function in alpine streams.
Introduction
In headwater streams, the smallest and most abundant in stream networks, dissolved organic carbon (DOC) constitutes the primary resource for microbial heterotrophs. DOC encompasses a large pool of molecules, which depending on their source (i.e., autochthonous versus allochthonous), can vary in chemical composition and bioavailability (e.g., Sun et al., 1997; Jaffé et al., 2012) . Allochthonous constituents typically dominate the DOC pool, with the exception of alpine and arid catchments devoid of major terrestrial vegetation (e.g., Milner et al., 2009) . In alpine streams, autochthonous deliveries from algal production (and mosses) characterise DOC in streams above the treeline, whereas terrestrial deliveries increasingly add to the carbon pool further downstream (Battin et al., 2004; Milner et al., 2009; Zah and Uehlinger, 2001) . Several studies have reported DOC source and composition as potential drivers of microbial community structure and functioning in streams (e.g., Kaplan and Bott, 1989; Sun et al., 1997; Peter et al., 2011) and in lakes (e.g., Crump et al., 2003; Judd et al., 2006) . However, only few have studied the relationship between DOC characteristics and microbial functional traits in streams (McArthur et al., 1985; Koetsier et al., 1997) . Although with a traditional focus on plants and animals, the concept of functional traits (i.e., specialists versus generalists) now becomes increasingly established in microbial ecology with notable examples from soil (Lennon et al., 2012) , wastewater (Muller et al., 2014) and marine ecosystems (Mou et al., 2008) . Understanding the relationship between microbial community structure and specialisation in response to resources may shed new light on the ecological mechanisms underlying the carbon cycling in stream ecosystems (Battin et al., 2008) . However, trait distribution and the role of functional redundancy remain elusive in stream biofilms, especially when multiple functions are considered simultaneously (Gamfeldt et al., 2008; Hillebrand and Matthiessen, 2009) .
The stochastic nature of hydrology and sedimentary dynamics in streams creates pronounced heterogeneity in resource availability and biodiversity patterns (Townsend, 1989) . It is assumed that these environmental fluctuations relieve invertebrate species from competition, which would favour generalists rather than specialists (Townsend, 1989; Schoener, 1974; Rosenfeld, 2002) . At the same time, it is established that resource partitioning allows invertebrates to assemble diverse communities along the stream continuum. The relationships between downstream shifts in resources (i.e., primarily autochthonous sources upstream versus more allochthonous sources downstream), hydrogeomorphology and biotic communities have been described by the River Continuum Concept (Vannote et al., 1980) . Microorganisms were not encapsulated in the River Continuum Concept, and yet evidence increasingly suggests that microbial communities predictably change along the river continuum (Besemer et al., 2013; Read et al., 2014; Savio et al., 2014) . However, the potential drivers of these patterns remain poorly understood, which is noticeable, given the relevance of microorganisms for stream ecosystem functions (Battin et al., 2008) .
The aim of this study was to investigate microbial community structure, diversity and functional traits (generalists versus specialists) and redundancy in benthic biofilms of Alpine streams in response to resources that potentially change from upstream to downstream of the treeline. We hypothesised that microbial community structure and diversity change along such altitudinal gradients and that resource specialisation contributes to these patterns. Mixing of resources from various sources along the longitudinal continuum of streams may increase substrate diversity and reduce its relative dominance by averaging. Although microbial generalists may be able to better cope with pronounced environmental and resource fluctuations upstream of the treeline, we expect that microbial specialists increasingly establish downstream because of potentially increasing resource diversity. Hence, we postulated that the relative importance of microbial specialists versus generalists would increase downstream of the treeline where both autochthonous and allochthonous sources contribute to resource diversity and abundance. We further expected that microorganisms in reaches above the treeline would primarily use autochthonous DOC with only limited capacity to metabolise allochthonous DOC constituents; this would result in a mixture of microbial generalists and specialists for autochthonous DOC in these reaches. Streams below the treeline, on the other hand, were expected to support microbial specialists for both autochthonous and allochthonous DOC constituents. As resource diversity increases downstream, resource partitioning among microbial taxa may increase, allowing for lower multifunctional redundancy in streams below the treeline.
The high diversity of microbial communities makes the characterisation of functional traits and the investigation of functional redundancy challenging. To circumvent this bottleneck, we exposed microorganisms to the thymidine analogue bromodeoxyuridine (BrdU) and sequenced the BrdUlabelled DNA after immunocapturing (Yin et al., 2000) ; this allowed us to identify metabolically active microorganisms upon amendment with model autochthonous and allochthonous DOC, respectively (Mou et al., 2008) . Extracts were amended to benthic biofilms grown in situ above, around and below the treeline in three alpine catchments, allowing us to study diversity patterns of metabolically active biofilm communities and to relate these patterns to resource specialisation.
Materials and methods
Study sites and biofilm growth Our study sites included three headwater streams (Obertalbach = OTB, Steinriesenbach = SRB, Riesachbach = RB) in the Schladminger Tauern, Austria, ranging from 1114 to 2275 m above sea level (a.s.l.). Sparse alpine grassland and meadow dominate vegetation above the treeline (around 1600 m a.s.l), whereas spruce (Picea abies) dominates vegetation below the treeline. Streamwater chemistry was comparable across all three catchments with very low electrical conductivity (average ± s.d.: 33.3 ± 17.7 μS cm − 1 ) and reduced pH (7.1 ± 0.5) typical of the crystalline geology (gneissic rock) (Supplementary Table 1 ). DOC concentration was generally low (0.48 ± 0.19 mg C l − 1 ) and tended to increase in SRB and RB, but less in OTB. Nitrate (189.9 ± 91.4 μg N-NO 3 l − 1 ) clearly increased downstream in all catchments. We grew benthic biofilms on initially sterile unglazed ceramic tiles (surface area: 2 cm 2 ) for 8 weeks in all stream reaches in June (2011); tiles were shaded to prevent copious algal growth. Biofilms were grown across an altitudinal (and longitudinal) gradient above, around and below the treeline (Supplementary Table 1 for altitudes). Biofilm samples were transported within 3 h in sterile containers filled with 0.2 μm-filtered streamwater (cooled, in the dark) to the laboratory pending further processing.
Model autochthonous and allochthonous DOC
We produced model autochthonous and allochthonous DOC from algal cultures and spruce material, respectively. The former was produced from Nitzschia palea (Bacillariophyceae SAG 1052-3a)
Stream biofilm diversity and functional traits L Wilhelm et al and Navicula pelliculosa (Bacillariophyceae SAG 1050-3) grown on WC medium (2 l) for 4 weeks. We harvested the algae by centrifugation, rinsed them two times with Milli-Q water, suspended the cells in Milli-Q water and sonicated the suspension on ice. Cells were pelleted and the supernatant sterilefiltered (0.2 μm GSWP filters; Millipore, Billerica, MA, USA). Equal concentrations of these two algal extracts were mixed. Allochthonous DOC was produced from an overnight cold water (Milli-Q) extraction of spruce material (mainly needles) freshly sampled from trees in the study catchments. The supernatant was harvested, sterile-filtered (0.2 μm) and the pH of the extract was adjusted to 7.3. DOC concentration of the extracts was determined using a Sievers 900 TOC Analyser (GE Analytical Instruments, Boulder, CO, USA). The chemical composition of the extracts was analysed after derivatisation on a gas chromatograph coupled to a mass spectrometer (LECO Pegasus 4D GCxGC-TOF-MS; Leco, Mönchengladbach, Germany).
BrdU incorporation
We used BrdU to identify active bacteria (Urbach et al., 1999; Yin et al., 2000; Mou et al., 2008) . BrdU is incorporated into newly synthesised DNA upon replication and BrdU-labelled DNA can then be isolated by immunocapture (Urbach et al., 1999; Yin et al., 2000) . In the laboratory, tiles were incubated in 15 ml falcon tubes (six tiles per tube) in sterile-filtered streamwater with 1 mM BrdU (Roche Diagnostics, Basel, Switzerland) and either autochthonous or allochthonous DOC was amended at a final concentration of 1 mg C l − 1 , corresponding to a twofold streamwater DOC concentration. An extra set of tiles was incubated in streamwater with BrdU and served as control to the DOC amendments. Treatments and controls were performed in triplicates. After 24 h incubation (12°C, dark) and gentle horizontal shaking, biofilm microorganisms were harvested onto 0.2 μm GSWP filters after vortexing and sonication. To analyse the bulk biofilm community, we additionally harvested biofilms from six tiles per site without BrdU treatment. All filters were frozen immediately (−20°C) pending DNA extraction.
DNA extraction and BrdU immunocapture DNA was extracted from the biofilms using the PowerSoil DNA Extraction Kit (MoBio, Carlsbad, CA, USA). BrdU-labelled DNA was isolated according to Yin et al. (2000) . In brief, 18 μl herring sperm DNA (1.25 mg ml − 1 ; Promega, Fitchburg, WI, USA) was denatured, flash-frozen in a dry ice-ethanol bath and incubated with 2 μl BrdU antibody (Invitrogen, Carlsbad, CA, USA) for 50 min. Then, 20 μl denatured DNA extract were added and samples were incubated for 30 min, followed by the addition of 6.26 μl beads (Invitrogen) coated with an anti-BrdU antibody (Invitrogen) and incubated again. The DNA-antibody-bead complex was washed 10 times using 100 μl phosphate-buffered saline-bovine serum albumin (PBS-BSA). Finally, the labelled DNA was released from the complex by incubation with 20 μl 1.7 mM BrdU for 35 min. All incubations were carried out in the dark under continuous horizontal mixing. As methodological negative control, we included nonBrdU-labelled samples in the immunocapture procedure. BrdU-labelled DNA was purified by ethanol precipitation, where 1/10th volume of sodium acetate and 2 volumes of 100% ice-cold ethanol were added to the DNA solution and incubated (2 h, − 20°C). DNA was pelleted, the pellet washed with 70% ethanol and resuspended in sterile H 2 O.
PCR amplification and 454 pyrosequencing
Purified labelled DNA was further processed by PCR. The V3-V4 region of the 16S rRNA gene was amplified in a 50 μl PCR reaction containing 0.5 μmol l − 1 of each primer (Thermo Scientific, Waltham, MA, USA), 0.2 mmol l − 1 dNTPs (Thermo Scientific), 40 μg bovine serum albumin (Thermo Scientific), 4 mmol l − 1 MgCl 2 (Thermo Scientific), 2 U Taq DNA polymerase with the recommended PCR buffer (Thermo Scientific) and 4 μl DNA extract (2-4 ng DNA). Each PCR reaction included a negative control. Primers used for amplification of the 16S rRNA gene were the bacterial 341F 5′-CCTACGG GNGGCWGCAG-3′ and 805R 5′-GACTACHVGGGTA TCTAATCC-3′, containing the 454 Titanium A and B adaptors, respectively (Logue et al., 2011) . For each sample, two different sample-specific barcodes contained in the forward primer were used to reduce barcode-specific bias (Berry et al., 2011) .
Samples were amplified using an initial denaturing step of 2 min at 94°C, followed by 33 cycles of 30 s denaturation at 94°C, 45 s annealing at 50°C, 1 min elongation at 72°C and a final elongation for 10 min at 72°C. PCR products were run on a 1% agarose gel and purified using the Gel Extraction Kit (Qiagen, Hilden, Germany). The purified PCR products were quantified on gels (Bio-Rad, Hercules, CA, USA) and pooled equimolarly for pyrosequencing. Several samples from SRB yielded too low amounts of BrdU-labelled DNA and thus only one replicate could be used and sequenced.
Amplicons were sequenced on a GS FLX Titanium Sequencer (Centre for Genomic Research, University of Liverpool, UK). Raw output files were processed using the software package AmpliconNoiseV1.0 (Quince et al., 2011) , which performed a filtering and denoising of the flowgrams. A complete linkage algorithm on a 97% identity level clustered these reads to operational taxonomic units (OTUs) (AmpliconNoiseV1.0) and taxonomic assignments were determined by using a naive Bayesian rDNA classifier (Ribosomal Database Project; Wang et al., 2007) at an 80% confidence threshold. The original pyrosequencing output files are available at the NCBI Sequence Read Archive under the accession number SRP033635.
Stream biofilm diversity and functional traits L Wilhelm et al
Environmental variables and cell abundance Environmental parameters were measured at the beginning and at the end of the 8-week growth period of biofilms. Streamwater temperature, pH and electrical conductivity were measured in situ using handheld probes (pH320, Cond340i; WTW, Weilheim, Germany). Streamwater DOC concentration was measured using a Sievers 900 TOC Analyser and concentration of N-NO 3 was determined using Continuous Flow Analysis (Alliance Instruments, Salzburg, Austria). We determined microbial cell abundance in the harvested biofilms using SYTOX Green (Invitrogen) for nucleic acid staining and flow cytometry (Cell Lab Quanta SC; Beckman Coulter, Brea, CA, USA). Before staining, bacterial cells (killed and fixed in 2.5% formaldehyde) were dispersed using pyrophosphate and sonication.
Data analysis
Microbial diversity was estimated as richness of OTUs rarefied to the lowest number of reads (985) obtained for a sample using the function 'rarefy' in the 'vegan' package in R (Oksanen et al., 2013) . To visualise differences in community composition, we performed non-metric multidimensional scaling on dissimilarity matrices. These dissimilarity matrices were calculated by applying the relative abundance-based Horn distance (Jost, 2007) . Communities were randomly resampled to the lowest number of reads before the distance between a sample pair was calculated; each entry in the similarity matrices was then calculated as the average of 1000 such similarity values (Besemer et al., 2013) . To unravel the main underlying factors explaining the distribution of samples in the ordination, that is, 'site' (above, around and below the treeline), 'stream' (OTB, SRB, RB) or 'treatment' (algae, spruce, control) for community structure, we performed a forward variable selection using the function ordiR2step in the 'vegan' package in R (Oksanen et al., 2013) . This function performs stepwise model selection using a double stopping criterion based on adjusted R 2 and P-values (Blanchet et al., 2008) .
To identify potential specialists and generalists at family level, we used ternary plots to visualise the relative proportions of families among the different treatments and sites (above, around and below the treeline). Given that the three study streams showed similar altitudinal patterns of community composition in the non-metric multidimensional scaling, we averaged the relative abundances of the three streams to retain one plot for each site. A microbial family, of which the relative abundance was above 60%, as an arbitrary threshold, in either the autochthonous or allochthonous DOC treatment, was classified as 'algae' or 'spruce' specialist, respectively. All others were classified as generalists. We also considered the control group, as families dominating at 460% in the control treatment and hence representing taxa dominating in the absence of additional carbon substrates.
To identify potential specialists for either autochthonous or allochthonous DOC (above, around and below the treeline), we calculated indicator values for each OTU (Dufréne and Legendre, 1997) using the function indVal in the package 'labdsv' in R. Indicator values are calculated as the product of relative frequency and relative average abundance of a given OTU. We considered indicator species as significant for indicator values 40.3 and P-values o0.05.
We assessed metabolic functional traits using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt; Langille et al., 2013) . Based on fully sequenced genomes, this algorithm predicts the metagenome, which is adjusted for 16S rRNA gene copy number to produce the KEGG (Kyoto Encyclopaedia of Genes and Genomes) classified functions of the community. Based on 140 orthologues related to carbohydrate and amino-acid metabolism, we assessed metabolic multifunctionality, and by relating multifunctionality to diversity, we estimated multifunctional redundancy (Miki et al., 2014) . Metabolic functional diversity was computed as Shannon diversity, which accounts for copy number. Multifunctional redundancy was derived from a powerlaw function (MF = cOR a ) of orthologue number (i.e., MF) as a function of rarefied OTU richness. The coefficient α serves as a multifunctional redundancy index with lower values indicating larger multifunctional redundancy (Miki et al., 2014 ; see Supplementary Information for a detailed description).
Results

Composition of allochthonous and autochthonous DOC
The chemical composition of the model allochthonous (spruce) and autochthonous (algae) DOC that we used to amend biofilms differed clearly ( Supplementary Figures 1 and 2) . Compounds, which are typical for vascular plants, such as quinic acid, shikimic acid or pinitol (Yoshida et al., 1975) , and also elevated concentrations of sugars, sugar acids and organic acids dominated in the spruce extract. Abundant lumichrome, glycerol and ribose, and amino acids characterised the algal extracts. Furthermore, the number of chemical compounds detected in the spruce extract (n = 100) was higher compared with that in the algal extract (n = 78). Moreover, the algal extract was dominated by a few compounds (e.g., glycerol), whereas the spruce extract was characterised by a more even distribution of compounds. An inverse Simpson index (i.e., a measure of dominance varying between zero and one) of 0.85 and 0.19 for the algal and spruce extract, respectively, clearly underscored this difference. These numbers translate into an elevated chemical diversity in the spruce extract.
Spatial patterns of microbial community diversity, composition and functional traits Biofilms built up communities with cell numbers ranging from 4.2 ± 4.0 × 10 6 cell cm − 2 in reaches above the treeline in SRB to 22.6 ± 5.0 × 10 6 cell cm − 2 in reaches around the treeline in OTB (Supplementary Table 1 ). Microbial richness was significantly related both to altitude (Figure 1a) as a descriptor for the spatial positioning along the longitudinal gradient and to cell abundance (Figure 1b) . Accounting for altitude, richness of the active (BrdU-labelled) communities was significantly lower than richness of the bulk (i.e., before BrdU incorporation) communities (analysis of covariance: F 1,15 = 40.08, Po0.01); however, the slopes of the regression were not homogeneous (F = 0.002, P = 0.96). Accounting for cell counts, mean number of OTUs (log-transformed) was also significantly higher in the bulk community as compared with the BrdUlabelled community (analysis of covariance: F 1,15 = 19.36, Po0.001), whereas the slopes were not equal (F = 0.35, P = 0.56). Non-metric multidimensional scaling analysis revealed a clear separation of the bulk and active communities (i.e., BrdU-labelled DNA; Figure 2 ). The analysis also revealed a clear downstream gradient of community composition (bulk and active) of the biofilms from above, around and below the treeline; this pattern was consistent among all three streams. Among the active communities, treatments with autochthonous and allochthonous DOC and the control clustered tightly, indicative of similar community composition among treatments. A forward variable selection identified 'site' (Po0.01) and 'stream' (Po0.01) as significant factors when all samples were included in the analysis, whereas only 'site' was significant (Po0.01) when only BrdUlabelled communities were considered. 'Treatment' was not a significant (P40.05) factor in any of the analyses.
At the phylum level, Proteobacteria (average ± s.d., 73 ± 11%) and Bacteroidetes (20 ± 8%) were most abundant across all samples, followed by Verrucomicrobia (2 ± 2%), Actinobacteria (2 ± 2%) and Acidobacteria (1 ± 1%). Taxonomic composition of the active communities at the family level (50 most abundant families) changed downstream from above to around and below the treeline (Figure 3 ). For instance, the relative abundances of Chitinophagaceae, Rhodobacteraceae, Opitutaceae, Gemmatimonadaceae and OD1 increased downstream, whereas families such as Oxalobacteraceae, Micrococcaceae, Nocardioidaceae, Cytophagaceae, Sphingobacteriaceae, Sphingomonadaceae and Pseudomonadaceae decreased in relative abundance.
Ternary plots revealed some potential specialist microbial taxa but abundant generalists in the biofilms Figure 1 Microbial richness in bulk (initial; white circles) and active (BrdU-labelled, black circles) communities as a function of altitude (a) and cell counts on the tiles (b). Microbial richness was negatively related to altitude and showed a positive logarithmic relationship to microbial abundance. The error bars represent the s.d. of the replicates and streams. Figure 2 Non-metric multidimensional scaling analysis of the bulk (initial) and active (BrdU-labelled) communities. Colours represent streams: green-OTB, red-SRB, blue-RB; the darkest colour represents the uppermost site (above the treeline), the lightest colour the lowest site (below the treeline). Symbols: diamond-algal treatment, circle-spruce treatment, trianglescontrol treatment, squares-bulk community. Bulk communities: n = 9; active communities: n = 63. The error bars of the active OTB and RB samples represent the s.d. of the three replicates. Although the bulk community differed clearly from the active community, the different treatments showed similar community compositions.
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L Wilhelm et al across sites and streams (Figure 4 ). Few specialists could be related to a predominant use of autochthonous DOC. It should be noted that these families contributed o1% to the active communities. Downstream patterns of these potential specialists were not consistent, as Leuconostocaceae (Firmicutes), for instance, preferably used autochthonous DOC around the treeline and allochthonous DOC below the treeline. On the other hand, Lachnospiraceae (Firmicutes) and Neisseriaceae (β-Proteobacteria) were more abundant in the amendments with autochthonous DOC above and around the treeline. Several families (e.g., Parachlamydiaceae and Alteromonadaceae) were identified as active in the control (i.e., no DOC amendment), as it was particularly evident in stream reaches below the treeline. Most families, however, showed comparable abundances among treatments, indicative of generalist traits. Most prominent among them were Chitinophagaceae, Oxalobacteraceae and Comamonadaceae. Figure 3 Heatmap showing the relative importance of the 50 most abundant microbial families (excluding chloroplasts and unclassified OTUs). Note that the relative abundances of each microbial family among all samples were normalised (i.e., each line sums to 1) to show the distribution of the taxa among treatments and sites, rather than the relative abundances of the taxa in the samples. This proportion is visualised using colour coding.
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The indicator species analysis significantly identified 7 and 13 (Po0.05) indicator OTUs for the autochthonous and allochthonous DOC amendments among all sites, respectively (Table 1) . OTUs belonging to the Oxalobacteraceae were identified as indicator species for autochthonous DOC in stream reaches above treeline, whereas OTUs belonging to the Chitinophagaceae, Spartobacteria, Pseudomonadaceae, Cytophagaceae and Alcaligenaceae were identified as indicator species for autochthonous DOC in stream reaches below treeline. Interestingly, indicator species of allochthonous DOC increased downstream, with no hit in stream reaches above treeline, one hit in reaches around and 12 hits downstream of the treeline (Table 1) .
Multifunctional redundancy
Procrustes rotation revealed the coupling between functional (metabolic functional orthologues) and compositional (16S rRNA gene) similarity (Procrustes Sum of Squares 0.538, correlation 0.679, P = 0.001), which exhibited congruent gradients from above to below the treeline (Supplementary Figure 3) . We found significant saturating relationships between subsampled OTU richness and the Shannon diversity of orthologues for biofilms above, around and below the treeline (Figure 5 ), indicating multifunctional redundancy for each location. The coefficient of the power-law relationship, a measure of multifunctional redundancy, was highest for the sites above the treeline (α = 0.0046 ± 0.0004) and lowest around the treeline (α = 0.0041 ± 0.0005); downstream of the treeline the coefficient increased again (α = 0.0045 ± 0.0007); however, the confidence intervals for these estimates overlapped ( Supplementary Information, MODELS) . Rarefied taxon richness was higher in downstream sites ( Figure 5) ; however, there was no obvious difference between control, algal and spruce treatments. Figure 4 Ternary plot, displaying the relative proportion of bacterial families among the different treatments and sites. Families of which more than 60% were detected in one treatment were classified specialist (indicated by the coloured lines). The size of the circles represents the relative abundance of the taxa on a logarithmic scale. Families, which constituted o0.01% of the total community (averaged over all three treatments), unclassified reads and chloroplasts were excluded from the graph. The displayed populations represent 81%, 63% and 60% of the total community from the sites above, at and below the treeline, respectively.
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Discussion
Our study uncovers spatial patterns of biofilm diversity and community composition along longitudinal and altitudinal gradients in three Alpine streams. We found that microbial diversity increases downstream and that microbial specialists gained importance downstream of the treeline, whereas generalists dominated biofilm communities along the entire altitudinal gradient. Our findings are generally consistent with ecological theory positing relationships between resource diversity, specialisation and species richness (Kassen, 2002; Rosenfeld, 2002; Evans et al., 2005) . Microbial specialists consistently increased both at the level of OTUs and microbial families in all three study streams moving from upstream to downstream of the treeline. We propose that this pattern is associated with an increase in resource diversity along the altitudinal gradient. In fact, based on the chemical composition and diversity of the model resources used in our experiments, we would anticipate an increase in DOC diversity in reaches downstream of the treeline. Here, chemically rich terrestrial deliveries add up to in-stream sources from primary production-the dominant source of DOC upstream of the treeline where catchments are largely devoid of vascular plants. This is consistent with reports on the variation of DOC chemical composition changing with land use and soils (e.g., Wilson and Xenopoulos, 2008) . It is thus intuitive to assume that elevated diversity of DOC in reaches downstream of the treeline may translate rarefied OTU Richness metabolic orthologue diversity (Shannon Index) Figure 5 Metabolic orthologue accumulation curves for sites above (a), at (b) and below the treeline (c). Shown are all treatments (see legend for symbols) at the three sites (green-OTB, red-SRB, blue-RB). For each position in the landscape (a-c), the three different streams (colours) occupy different positions on the power-law function, indicating the metabolic multifunctional differences between the three locations, whereas the DOC amendments did not result in obvious changes in multifunctionality. Given are the exponents of the power-law function (dashed lines), which indicate multifunctional redundancy. Multifunctional redundancy slightly increases along the longitudinal gradient, with a peak around the treeline.
into elevated niche differentiation and specialisation, and therefore into higher diversity but lower functional redundancy (Rosenfeld, 2002; Clavel et al., 2011) . The notion that the metabolism of diverse DOC may be related to microbial diversity agrees, in fact, with theory of niche partitioning among competing species (Rosenfeld, 2002; Kassen, 2002; Evans et al., 2005) , whereas our findings on functional redundancy do not fully agree with our expectations.
Microorganisms assumedly specialised on autochthonous DOC did not exhibit clear gradients along the streams-and identified patterns were even conflicting between OTU and family level. This may be attributable to the fact that reduced resource diversity and variable supply, as typical for highaltitudinal streams (Battin et al., 2004; Milner et al., 2009) , may prevent microorganisms from specialising on a few carbon sources. This observation is in line with recent reports on marine microorganisms showing a low degree of specialisation on carbon sources (Mou et al., 2008; Pedler et al., 2014) .
It is commonly believed that environmental fluctuations support the dominance of generalists (e.g., Townsend 1989; Kassen, 2002) . Environmental fluctuations in alpine streams above the treeline are particularly pronounced, often even with diurnal fluctuations in hydrology, water chemistry and resource availability (Battin et al., 2004; Milner et al., 2009 ). That we predominantly observed generalists in these reaches may indicate that generalist traits are an adaptive response of stream biofilms to maintain community productivity and stability (Evans et al., 2005; Matias et al., 2013) .
Beside the fact that resource diversity may contribute to the observed gradient in functional traits, we also propose dispersal dynamics as an alternative or complementary mechanism. In fact, dispersal limitation is commonly believed to be higher in the headwater reaches (Besemer et al., 2013) , which would induce stronger constraints on the colonisation dynamics of microbial specialists. Furthermore, the combination of elevated physical disturbance (e.g., hydrology) on microbial communities (Widder et al., 2014) upstream with the observation that postdisturbance recovery of specialists is less successful than for generalists (Clavel et al., 2011) may further contribute to the spatial patterns of functional traits we observed in this study. Finally, benthic algae which provide the bulk DOC source in streams above the treeline exude compounds, often monomeric in nature, that do not require specialised metabolic pathways and that are therefore readily available to a wide range of microbial heterotrophs (Kaplan and Bott, 1989) . These combined effects may further contribute to the specialisation pattern that we observed along the study streams.
Our results suggest that functional traits were at least to some extent reflected in the taxonomy of the benthic biofilms as some taxa were overrepresented in the group classified as specialists. Indeed, half of the OTUs specialised on allochthonous DOC belonged to the Flavobacteriaceae and Chitinophagaceae (phylum Bacteroidetes; Table 1 ). Members of these groups have been reported to degrade complex biopolymers (Kirchman, 2002) , as are generated during the degradation of plant material (Thomas et al., 2011) . Interestingly, Bacteroidetes were also found to be prominent in the phyllosphere and to be more abundant on conifers than on Angiosperms (Redford et al., 2010; Thomas et al., 2011) . Algalderived DOC specialists comprised several families belonging to the Firmicutes, which is remarkable as Firmicutes constituted only a minor portion of the community (average o0.5%). This metabolically diverse group may thus comprise taxa, which are able to respond quickly to the supply of autochthonous DOC. Moreover, the Neisseriaceae (β-Proteobacteria), also classified as algal-DOC specialists, were reported to co-occur with cyanobacterial blooms (Eiler et al., 2006) . The significant number of bacterial families, which had their highest relative abundance in the controls, indicates that these taxa exhibited below average activity when amended with allochthonous or autochthonous DOC. These taxa may be adapted to very low DOC concentrations (Li et al., 2012) , thereby benefiting less from the amendments compared with other taxa.
We consistently found that microbial diversity decreased with altitude across the three study streams. We suggest that elevated specialisation at lower altitudes contributes to this diversity gradient. However, we do acknowledge that microbial diversity was also related to abundance and we therefore cannot exclude different growth rates, for instance, contributing to the biodiversity patterns. Several studies have predicted how microbial community composition may vary with altitude, but the relationship between microbial diversity and altitude remains debated (Bryant et al., 2008; Fierer et al., 2011) . Our findings on functional traits and diversity shed new light on this relationship for stream biofilms.
Metagenome reconstruction revealed that bacterial community composition and functional similarity were coupled, and for each location along the stream, multifunctionality scaled with diversity following the suggested power-law function (Miki et al., 2014) . Reaches above and below the treeline had slightly higher metabolic multifunctional redundancy compared with reaches around the treeline. Increasing resource diversity along the stream gradient may only partly explain this pattern of multifunctionality. Because the position of biofilm communities along the orthologue accumulation curves ( Figure 5 ) did not differ between treatments, one may infer that most microorganisms in stream biofilms metabolise diverse carbon compounds from various sources despite the absence of major terrestrial deliveries above the treeline. This indicates a generally high level of multifunctional redundancy, which is indeed consistent with abundant generalists along the streams. The fact that we used Shannon diversity of orthologues rather than orthologue richness makes our estimates not directly comparable to the values reported by Miki et al. (2014) .
Microbial community composition changed markedly along all three streams, whereas DOC amendments had less effect. This suggests that factors other than only resources shape community composition of the stream biofilms. Such factors may include streamwater pH and nitrate concentration, which typically increased downstream (Supplementary Table 1 ), and dispersal dynamics related to the hydrologic flow paths (Besemer et al., 2013) . Here it is worth mentioning that the BrdU approach captures the immediate response to substrate amendments by a community that established over weeks under in situ conditions in the streams. Thus, even a slight increase in growth of one microbial population would be sufficient to induce a community shift given there is enough time. We recognise the potential caveats of BrdU incorporation to detect metabolically active microorganisms. There is evidence in fact that a certain fraction of active microbial taxa may be missed because of their intrinsic inability to incorporate BrdU (e.g., Hamasaki et al., 2007) . Furthermore, despite the fact that we amended in excess, we cannot exclude that some taxa used metabolites from others. Nevertheless, BrdU incorporation seems appropriate to address resource use and specialisation in complex microbial communities (Mou et al., 2008) .
We revealed altitudinal patterns of community composition, diversity, specialisation and function in benthic biofilms that were consistent among three alpine streams. Our study thus paves the way toward new mechanistic understanding of microbial diversity patterns in streams, and further supports the notion that microorganisms exhibit distributional patterns along the fluvial continuum (Besemer et al., 2013; Read et al., 2014; Savio et al., 2014) as recognised for invertebrates (Vannote et al., 1980) . These findings may have broader impacts as the treeline moves upwards because of climate warming in the Alps.
